Background/Aims: ageing is associated with a marked decline in immune function which may contribute to the local environment that can influence the regenerative process of skeletal muscle cells. Methods: Herein, we focused on determining the effect of an activated immune system secretome on myoblast differentiation and proliferation as possible means to attenuate adverse effects of muscle aging. C2C12 myoblasts were used as model to assess the impact of lymphocyte conditioned media (CM) following anti-CD3/IL-2 activation. Results: Myoblasts cultured with activated lymphocytes CM exhibited reduced morphological and biochemical differentiation (98±20, p<0.005) and increased entry to the S Phase of the cell cycle (61%±7, p<0.001), when compared with myoblasts cultured with non-activated lymphocytes CM. Associated with increased proliferation and reduced differentiation, muscle specific transcription factors MyoD and myogenin were significantly reduced in C2C12 treated with activated lymphocytes CM vs control CM, respectively (myoD: 0.5±0.12 fold reduction P<0.005); myogenin: 0.38±0.08 fold reduction; p<0.005). Moreover, key protein of proliferation pERK1/2 increased (46±11U/ml, p<0.05) whereas mediator of differentiation pAkt decreased (21±12U/ml, p<0.05) in C2C12 treated with activated vs. non-activated CM. Conclusion: our data demonstrate that, following activation, secretome of the immune system cells elicit marked regulatory effects on skeletal muscle growth and differentiation; enhancing the former with the loss of the latter.
Introduction
Skeletal muscle is an essential peripheral metabolically active tissue, comprising ~40-50% of the healthy human body mass [1] . Muscle wasting, is a significant public health problem that can occur as a consequence of many diseases including: muscular dystrophies, cardiovascular disease, diabetes or cancer cachexia (which alone is responsible for ~ 30% of all cancer deaths). Ageing is also associated with a progressive loss of muscle mass (sarcopenia) leading to loss of functional independence [2] . Regardless of the cause, progressive loss of muscle mass culminates in increased frailty, weakness and loss of independence, impaired quality of life and ultimately results in increased morbidity and mortality. Similarly, in ageing there is marked decline in immunity which is considered a significant contributor to disease burden. This decrease in immunity is mainly associated with alterations in T cell activity [3] . Recently, a few studies have revealed that there are complex interactions between skeletal muscle and the immune system that regulate the regenerative capacity of muscle [4] . The immune system responds to muscle damage with a complex sequence of reactions, which ultimately lead to inflammation followed by muscle regeneration. This inflammatory response contains the damage in the muscle by cleaning up cellular debris and subsequently repairing the damaged area [5] . Macrophages trigger damaged muscle repair through secretion of proteins, which are responsible for cell-to-cell contact, and for recruiting lymphocytes to the injured muscle site. Activated lymphocytes ultimately activate satellite cells, the first step in the physical repair of damaged muscle [6, 7] . Macrophages, the second responders to muscle damage after neutrophils, continue to increase in number until approximately 48 h postinjury, when they begin to decline sharply. In rodent models, this decline is associated with an increase in numbers of activated lymphocytes, which remain significantly elevated for 10 days of regeneration [8] [9] [10] . This early, yet long lasting infiltration of activated lymphocytes may impact significantly on skeletal muscle proliferation, differentiation and repair.
Although, it is well established that lymphocyte concentrations (CD4 and CD8 T cells) are increased in blood and muscle after the exercise [6, 11] , very little is known about the specific role of T lymphocytes in skeletal muscle growth, survival and differentiation. However, activated lymphocytes simultaneously secrete numerous growth factors and interleukins (Transforming growth factor-β , IL-10, IL-4, IL-6 and IL-7), which may contribute to the early inflammatory stages that precede muscle regeneration [12, 13] . One study, using scid/ mdx (mdx: dystrophic mouse, scid: immunodeficient mouse) as model to examine possible interactions between skeletal muscle and T cells, demonstrated that these mice exhibited reduced muscle fibrosis and degeneration [14] . Recently, Dumke and Lees investigated the influence of activated T lymphocytes on the regeneration capacity of muscle precursor cells [15] . In this study, rat satellite cells were isolated from the gastrocnemius and plantaris muscles of 3 and 32 month old animals and were cultured with splenic activated T cells. It was shown that IL-2 activated T lymphocytes induced proliferation and migration of muscle precursor cells. An additional recent study reported that supernatants of cultured anti-CD3 activated murine TH (T helper) lymphocytes induced the contraction of human bronchial smooth muscle cells [16] . Therefore, taken together these studies led us to hypothesise that secreted proteins (cytokines, growth factors) from anti-CD3 activated immune system may improve skeletal muscle functions. This hypothesis was challenged by the following objectives 1) to investigate the impact of secretome of activated-human lymphocytes on skeletal muscle cell differentiation and proliferation, 2) to determine the key myogenic regulatory factors, which may be altered by said incubations 3) to identify the signalling pathways that could be triggered by secreted cytokines. To enable us to challenge our hypothesis and carry out our objectives, C2C12, murine myoblasts derived from satellite cells, whose behaviour corresponds to that of progenitor lineage were used as model system. Herein, we reported that CM of anti-CD3 activated lymphocytes induced proliferation and inhibited differentiation of skeletal muscle cells. These findings were further investigated where induced proliferation was associated with low creatine kinase (CK) activity, high cell count 
Materials and Methods

Isolation and Culture of human lymphocytes
Following in house ethical approval (MMU) and informed consent, human lymphocytes were isolated from donated blood of healthy individuals (n=9, 3 females and 6 males, age between 20-25 years old) using methods as described previously [17] . Blood (20ml) was carefully layered on the same volume of FicollPaque PLUS (GE Healthcare Life Sciences, Buckinghamshire, UK). After 40 minutes centrifugation at 400× g at 18-20 °C, the lymphocyte layer was carefully removed and washed twice with RPMI-1640 media. Isolated lymphocytes (3x10 5 /well) were cultured in pre-coated flat-bottomed microwell plates with anti-CD3 (OKT3, 10 µg⁄ml, Cilag AG, Schaffhausen, Switzerland), as previously described [18] . Cells were grown in RPMI-1640 medium, supplemented with 10% (v⁄v) human AB serum and 1% penicillin/streptomycin at 37˚C in 5% CO 2 . All cultures, including negative controls (e.g. in the absence of anti-CD3) were supplemented with 50 U⁄ml human recombinant interleukin-2 (IL-2) (R&D Systems Abingdon, UK).
Recovery of secreted cytokines
To recover and purify secreted cytokines (most of cytokines are relatively low-molecular weight between 8-25KDa), [19] from activated T-lymphocytes in the supernatant of culture media, an Amicon® Ultra-4 Centrifugal Filter device was used (Millipore, Watford, UK). This device filters and purifies any protein found in tissue culture, which are larger than 3KDa. After 4 days in culture, lymphocytes supernatants were collected and filtered as manufacture described. Briefly, 4ml of tissue culture conditioned media were collected from each treatment group and were centrifuged in an Ultracel-3 Membrane tube for 30min at 5000xg.
Conditioned Media (CM) Preparation
The remaining concentrate of secreted cytokines (200µl) was mixed with 3.8ml of differentiation medium (DM), composed of (2% horse serum, DMEM media, 1% Pen-strep and 200mM L-glutamine) to make the CM. Three different types of CM were prepared. CM1, contained concentrate filtered from RPMI-1640 media only supplemented with IL-2 and incubated in anti-CD3 coated wells in the absence of lymphocytes (negative control treatment). This control was included to exclude any effect of the 10% of Human AB serum (this serum is normally added to RPMI-1640 which is used to lymphocytes culture)' IL-2 or anti-CD3 on myoblast behaviour. CM2 contained concentrate obtained from lymphocytes cultured with IL-2 but without anti-CD3 (non-activated control treatment, Fig. 1 ). CM3 contained concentrate obtained from lymphocytes cultured with both anti-CD3 and IL-2 (test treatment, Fig. 1 ).
Fig. 1.
Images of activated vs. non-activated lymphocytes Representative photographs of lymphocytes cultured without (CM2) and with anti-CD3 (CM3) for 4 days in RPMI1640 meida supplement with 50U/ml of hrIL-2. Activated lymphocytes were morphologically changed (activated T cells exhibited significantly increased numbers of colony-forming) compared with non-activated lymphocytes (absence of colony formation). C2C12, images were obtained at 20 x magnification.
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Culture of C2C12 myoblast Murine skeletal myoblasts purchased from ATCC (Rockville, MD, USA) were grown in T75 flasks in a humidified 5% CO 2 atmosphere at 37˚C in growth medium (GM), composed of: DMEM media (Sigma, Poole, U.K) plus 10% hiNCS, 10% FBS (PAA Laboratories, Somerset, UK), and 1% penicillin-streptomycin solution (Invitrogen, Paisley, UK), until 80% confluence was attained. Following trypsinisation, adherent cells were detached and counted using a haemocytometer in the presence of trypan blue dye (Bio Whittaker, Wokingham, England) [20] .
C2C12 Treatments
Six-well plates were pre-coated with 0.2% gelatine for 5 min at room temperature. Following removal of excess gelatine, C2C12 cells were seeded at 1x10 5 cells/ml in GM. On attaining approximately 80% confluency, cells were washed twice with PBS before culturing with the three different condition media; CM1, CM2 & CM3. Following 15min, 36 & 65 hrs of CM incubation, C2C12 were collected to perform the following the studies: Biochemical and morphological studies; cell cycle analysis, gene expression assay qRT-PCR, and cytometric bead arrays (CBA).
Morphological Differentiation and FITC-Phallodin Staining
Morphological parameters of differentiation, alignment, elongation, fusion and myotube formation were assessed using a cell imaging system at 20X magnification at 24, 36, 65 & 96 hrs post CM administration (Leica, DMI 6000 B, Milton Keynes, UK). Treated cells were fixed in 3.7% formaldehyde solution and incubated at RT for 10 minutes. Cells were washed twice with PBS and permeabilised in 0.1% Triton-X-100 for 3 minutes. Following triton aspiration, Phalloidin-FITC (30 μg/ml, Sigma Aldrich, Poole, UK) was added and incubated for 30 min/RT before visualization using a fluorescent microscope as described above.
Creatine Kinase (CK) Cells were treated as described above, washed twice with PBS and lysed in 0.2 ml of 50mM Tris-MES, pH 7.8, 1% Triton X-100 (TMT buffer). CK assays were performed using a commercially available kit (Catachem, Oxford, UK) as previously described [21] . The absorbance activity of CK (differentiation marker) was measured at 3, 4 and 5 min post reaction initiation at a wavelength of 340nm and changes in absorbance/min were calculated prior to normalisation against total protein content as determined by the BCA TM assay (Pierce, Rockford, IL, USA).
Cell Cycle Analysis
Flow cytomtery is widely used to determine the progression of cell cycle and cell population percentage in each stage of the cell cycle [22] . Cells were trypsinised and washed in PBS prior to fixing at -20°C in 75% ethanol. After a minimum of 24 hrs, cells were washed twice in PBS and resuspended with gentle vortexing in propidium iodide labelling buffer (50mg/ml propidium iodide, 0.1% sodium citrate 20 mg/ml ribonuclease A, 0.3% Nonidet P-40, pH 8.3) at approximately 1x10 6 cells/ml. The cell events were acquired using Cell Quest software from FACSCalibur flow cytometer (Becton Dickinson, Oxford, England). Cell events and cell cycle phases were determined using ModFit TM software (Verity Software House, Topsham, ME).
RNA Isolation and Gene Expression Assays
Following cell treatments and incubations, conditioned medium was aspirated, cells were washed with PBS and lysed with 200 µl TRIzol reagent. RNA was extracted from TRIzol homogenates according to the manufacturer's instructions (Invitrogen, CA) and 50 ng of RNA was used per reaction. TaqMan gene expression assays were performed for the target genes (MyoD and Myogenin) with the StepOnePlus system (Applied Biosystems, Foster City, CA). TaqMan® RNA-to-CT TM 1-Step Kit with standard TaqMan cycling conditions were used according to the manufacturer's instructions (Applied Biosystems, Foster City, CA) and all reactions were performed in triplicate. The housekeeping gene RNA polymerase IIβ used as a reference gene (RPIIβ) which was performed in parallel as control with target genes [23] and gene expression levels were calculated using the comparative 2 -∆∆Ct method where CM1 treated cells used as calibrator.
Al
Determination of pERK1/2 and pAkt phosphorylation level BD TM CBA is used to quantify multiple proteins, including intracellular phosphorylated signalling proteins, simultaneously. The specificity of the assay has been validated by immunoprecipitation and Western blotting to ensure that only the protein of interest are detected [24, 25] . CBA was performed as described previously [22] . Following 15 min of cell treatments, cells were washed at 4˚C in PBS, lysed using lysis buffer (1x BD TM ) and denatured at 100˚C. To standardise CBA, protein cell lysates were determined using BCA TM assay. Phospho-recombinant protein standards (ERK1/2, and Akt stock 5x10 4 Units/ml) were prepared using serial doubling dilutions which was used to generate the standard curves. The relevant capture beads per phosphorylated protein were added to each sample. Following 2 h of incubation, PE detection reagent was added to each tube, followed by 1 h incubation. The samples were washed and centrifuged at 300x g for 5 min. Cells were resuspended in 300 µl of fresh wash buffer and analysed using Cell Quest Pro on a BD FACSCalibur. Three hundred events were captured per analyate per sample according to manufacturer's instructions. Data were filtered using FCS Filter TM and analysed using FCAP array software (Both programmes: Hungary Software Ltd., for BD Biosciences, San Jose, CA).
Statistical Analysis
All experiments were repeated three times independently in duplicate, unless otherwise stated and were analysed using GraphPad Prism software version 5.0. Results are presented as standard deviation (SD) of the mean. Statistical significance was determined using one-way ANOVA analysis followed by TukeyKramerith multiple post hoc analyses. Results were considered statistically significant when P<0.05 against appropriate controls and marked with * whereas ** denotes (P<0.005), and *** denotes (P<0.001).
Results
In this study, two controls (CM1 & CM2) were included to validate our findings and to exclude any effects of anti-CD3, IL-2 and RPMI-1640 media with 10% AB serum on C2C12 behaviour. In all the experiments, which were performed in the current study, we found that all the findings of these two controls were comparable and statistically non-significant. C2C12 cultured in DM only was included in Figure 2 as internal control to indicate the normal progression of cells in the absence of any manipulation.
Morphological and biochemical differentiation of myoblasts
As the first step towards evaluating a potential interaction of the immune system on skeletal muscle maintenance, we morphologically assessed myoblasts treated with CM 1-3 (Fig. 2) . CM3-treated C2C12 cells exhibit markedly reduced differentiation at 48, 65 and 96hrs, compared with controls CM1 and CM2. Under this condition (e.g. culture medium extracted following lymphocyte activation), cells maintained their reduced differentiation, mononuclear fibroblast-like morphology, with no myotube formation evident. Phallodin staining of C2C12 cells at 96hrs showed small, densely packed mononuclear cells in the presence of CM3 (Fig. 2 bottom right panel) whereas C2C12s cultivated in CM1 and CM2 clearly exhibit elongated, multi-nucleated myotube formation (Fig. 2 bottom left and central  panels) . These morphological findings were supported biochemically with CK activity assays (differentiation marker). CK activity increased significantly in C2C12 treated with CM1 and CM2 for 65 hrs (300±46; p<0.001, and 250±27; p<0.005, respectively) when compared with CK of myoblasts at the same timepoint, but treated with CM3 (98±20, Fig. 3A ). These latter findings suggest growth arrest and fusion in CM1 and CM2, but continued growth in CM3. Indeed, these data were further supported by cell counting studies, which illustrated significantly reduced cell numbers in CM1 and CM2 treated (70x10 A B Fig. 4 . Expression levels of mRNA of MyoD and Myogenin. C2C12 myoblasts were treated with CM1, CM2 and CM3 for 36hrs where cells were collected for gene expression assay. MyoD (A) and myogenin (B) mRNA expression levels were determined using 2 -∆∆CT and expressed as fold increase with respect to control. Results (means SD) are the means of three different experiments, ** P < 0.005.
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Discussion
As we age, not only do skeletal muscle system functions decline but the immune system also becomes impaired. The immune system responds to muscle damage with a complex sequence of immune reactions leading to recruitments of inflammatory and immune cells that ultimately lead to satellite cell activation, proliferation and eventually muscle regeneration. In the last decade, there has been a remarkable increase in the number of studies regarding the interaction of exercise and the immune system [10, 15, 30, 31] . However, a role of the acquired immune system, in particular T-lymphocytes, in muscle function and performance has not been investigated, but needs to be elucidated. Therefore, this study sought to investigate a possible interaction between human immune cells and murine skeletal muscle cells. Specifically, the ability of immune cell secretagogues to influence skeletal muscle cell proliferation and differentiation was determined. Adding human cytokines to murinederived cell lines could be a limitation of our current study, however, this model is greatly need to study human immune responses to pathogen infections in a small animal model in a systematic and controlled manner [32] . This model was recently used to investigate the effect of the inflammatory mediators secreted from A427 Human Lung [33] serum creatine phosphokinase in choline-deficient humans in C2C12 [34] . Moreover, it is well-established that many protein functions between humans and mice are conserved (similarities between mouse and human genes range from about 70% to 90%) [35, 36] ; these data therefore set the scene for future larger scale studies to investigate the impact of age and the immune system on muscle cell function in human samples in vitro.
To test our hypothesis, that lymphocytes, following activation ( Fig. 1 using standard, published techniques [37] ), will produce proteins, which influence muscle cell behaviour, we generated a carefully controlled Conditioned medium model to assess the interaction between activated lymphocytes and skeletal muscle myoblasts. Our data demonstrate that the control conditioned media (regardless of formulation) does not impact negatively on myoblast differentiation, thus providing excellent controls for the remainder of the study. Consistent with previous studies which reported that satellite cell-derived C2C12 myoblasts undergo spontaneous differentiation into myotubes in culture following serum withdrawal (differentiation media) [38, 39] , we also showed that C2C12 cultured with CM1 and CM2 exhibit fusion of mononucleated myoblasts to form hypertrophic multinucleated myotubes. 5 . Analysis of phospho-ERK1/2 and Akt protein levels in C2C12 myoblasts. C2C12 myoblasts were treated with CM1, CM2 and CM3 for 15 min where cells were collected for CBA ERK1/2 (A) and pAkt (B) assay. Samples are run against a standard curve which is generated using dilutions of a phosphorylated recombinant standard. The bar graph represents the mean of the values (units/ml) obtained in three independent experiments. * P < 0.05 vs controls.
Al-Shanti et al.: Lymphocytes Secretome Induces Myoblast Proliferation
Cellular Physiology and Biochemistry
Interestingly, myoblasts cultured with CM3 were not able to differentiate, but rather exhibited high levels of proliferation. These significant findings were further supported with total cell counts and CK activity. Cell counting [40] and CK activity assessment [41] are widely used in myoblast research to confirm increased proliferation and differentiation, respectively. In agreement with these studies, our finding showed that CK activity was significantly increased in differentiating myoblasts (cells treated either with CM1 or with CM2). Moreover, cell counting indicated significantly increased proliferation in C2C12 cells treated with CM3, vs. C2C12 cells cultured with CM1 or CM2. Several studies have reported that cell cycle arrest is a critical step for myoblast differentiation to progress [42, 43] whereas cell cycle progression leads to myoblast proliferation [43] . Consistent with these findings, our data demonstrated a significant increase in the number of C2C12 myoblasts in S phase when treated with CM3 compared with C2C12 cells treated with either CM1 or CM2. We subsequently wished to establish the potential mechanisms underlying the negative impact of CM3 on myoblast differentiation. To this end, we next investigated the effect of CMs on the expression levels of muscle-specific transcription factors in our model [44, 45] . MyoD is a well-known marker of myogenic lineage, whereas myogenin, is a marker for the entry of myoblasts into the differentiation pathway [46] . In our study, gene expression levels were determined at 24, 48 (not shown), and 65hrs. No significant differences between the cells and treatments were evident at 24 & 48hrs. These observations are consistent with no apparent differences in morphology at this time point. Later in the differentiation process, however (65 hrs.), expression levels of both MyoD and myogenin were significantly reduced in CM3 treated vs.CM1 and CM2 cells. Again these observations were consistent with the morphological and the cell cycle findings, both of which indicated suppressed differentiation in CM3-treated cells.
To determine what signalling pathways may be functioning down stream of CM3 to block differentiation, CBA studies were performed following 15min incubations with CMs 1-3. This time point was selected as previous studies in our laboratory indicated that maximal activation of these proteins (pERK1/2 and pAkt) was evident at this time [47] . In the current study, we demonstrated that pAkt and pERK1/2 were differentially elevated in the myoblasts treated with CM1/CM2 and CM3 respectively. These findings are similar to those of studies in which pAkt expression levels were increased in differentiating myoblasts whereas pEKR1/2 levels were induced in proliferating C2C12 [22, 48, 49] .
Taken together, our data suggest that there is an inhibitory interaction between proteins secreted by activated lymphocytes and skeletal muscle cell differentiation. This inhibition appears to occur as a consequence of increased ERK activity, decreased myoD and myogenin expression and ultimately enhanced proliferation of CM3-treated myoblasts. There are several hypotheses to explain our findings. One is that in vitro, anti-CD3 activated T-lymphocytes produce key interleukins (IL-10, IL-4, IL-6 and IL-7) and growth factors (Transforming growth factor-β; important in tissue repair, [50] ) which may induce mitogenic responses of skeletal myoblasts [51] . It is well established that mitogens promote muscle cell proliferation but block differentiation [27, 52] . A second hypothesis would be that IGF-I, a key skeletal muscle cell growth factors, could be produced by activated lymphocytes [53] [54] [55] and this growth factor in combination with e.g. IL-6 may induce such effects [56] . Contradicting this proliferative role for IGF-I are numerous studies supporting a well-confirmed role for IGF in myoblast differentiation after serum withdrawal [57, 58] . It is important to note, however, that the context of IGF-I and its subsequent impact on myoblast behaviour is critical, as we have shown in co-incubation studies using TNF & IGF [59] and IL-6 & IGF [56] . As a consequence of these initial, important observations, it is clear that a better understanding of the underlying mechanisms leading to such complex cellular outcomes is required. Future human studies investigating signalling pathways, genomic and proteomic adaptations, across the lifespan, need to be employed to identify and characterise which cytokines and downstream targets are important for manipulating myoblast behaviour and whether this outcome is influenced by the ageing process. It is ultimately a valid and important aim that results derived from studies on muscle-immune system interactions can be integrated into
